The data we report in this study concern the types, location, numbers, forms, and composition of microscopic huntingtin aggregates in brain tissues from humans with different grades of Huntington's disease (HD). We have developed a fusion protein antibody against the first 256 amino acids that preferentially recognizes aggregated huntingtin and labels many more aggregates in neuronal nuclei, perikarya, and processes in human brain than have been described previously. Using this antibody and human brain tissue ranging from presymptomatic to grade 4, we have compared the numbers and locations of nuclear and neuropil aggregates with the known patterns of neuronal death in HD. We show that neuropil aggregates are much more common than nuclear aggregates and can be present in large numbers before the onset of clinical symptoms.
Huntington's disease (H D) is a progressive autosomal dominant neurodegenerative disease characterized by movement disorders, psychiatric manifestations, and dementia (Harper, 1996) . The neuropathology of H D consists of selective neuronal loss occurring most prominently in the striatum and deep layers of the cerebral cortex . Based on the severity of striatal neuropathology, H D cases have been classified as grades 0 -4 (Vonsattel et al., 1985) . Striatal degeneration also occurs in a gradient, starting dorsomedially and extending ventrolaterally (Vonsattel et al., 1985) . In grade 1, 50% of caudate nucleus neurons are lost, yet there is preservation of much of the putamen and ventral striatum. In grade 4, there are almost no neurons left in the dorsal striatum, whereas neurons in the ventral striatum are still relatively spared (Vonsattel et al., 1985) . Grade 4 is associated with end stage disease in patients who are bedridden and nearly vegetative (Myers et al., 1988 ).
The molecular basis of H D is the expansion of a CAG repeat encoding a polyglutamine tract in the N terminus of the HD protein huntingtin (Huntington's Disease Collaborative Research Group, 1993) . The CAG expansion is translated within the mutant HD gene and expressed in brain (DiFiglia et al., 1995; Gutekunst et al., 1995; Sharp et al., 1995; Trottier et al., 1995) . Normally, huntingtin is a cytoplasmic protein expressed at high levels in the striatal neurons vulnerable to degeneration in HD and at low or undetectable levels in the neurons resistant to degeneration . The normal function of huntingtin is unknown; however, a role in intracellular transport has been proposed (DiFiglia et al., 1995; Gutekunst et al., 1995) .
In HD brain, N-terminal fragments of mutant huntingtin were reported to accumulate and form inclusions in the nucleus Becher et al., 1998) . Abnormal nuclear accumulations have also been observed in other glutamine repeat disorders (Paulson et al., 1997; Skinner et al., 1997; Becher et al., 1998; Holmberg et al., 1998) and in various animal and cell models Ordway et al., 1997; Skinner et al., 1997; Cooper et al., 1998; Martindale et al., 1998) . Thus, aggregation of mutant proteins in the nucleus might be a common cause of neuronal death in these diseases (Ross, 1997; . If nuclear inclusions are pathogenic in HD, they should be readily identified in the regions and in specific neuronal types that are known to degenerate in HD. We have developed a fusion protein antibody that selectively recognizes aggregated huntingtin N-terminal fragments and labels many more aggregates in neurons and their processes in human brain than have been described previously. Using this antibody and human brain tissue of different pathological grades, we have compared the numbers and locations of nuclear and neuropil aggregates with the known patterns and gradients of neuronal death in HD. We observed that the distribution of nuclear aggregates does not correspond to the neuropathology of H D. Our results suggest a potential role for neuropil aggregates in dendritic pathology and indicate that aggregate ubiquitination may be late or variable.
MATERIALS AND METHODS

Antibodies and Western blot anal ysis.
To generate an antibody specific to N-terminal fragments of huntingtin and without cross-reactivity with other proteins containing polyglutamine repeats, we used RT-PCR to obtain a truncated human cDNA that encodes the first 256 amino acids with an in-frame deletion of the polyglutamine stretch. The sense oligonucleotide primer used was 5Ј-TCGAGGTCGACCATGGCTACGTTA-GAGAAATTAATGAAGGC TTTT-GAGAGTTTAAAAAGTTT-TCAACAGCCGCCA, and the antisense primer used was 5Ј-GAAGGCCTTTAACAAAACCTTAATTTC. The resulting huntingtin cDNA had two CAGs and an in-frame deletion of the polyproline stretches (see Fig. 1 ). This cDNA was inserted into the pGEX vector to generate a glutathione S-transferase (GST)-f usion protein in bacterial strain BL21. The purified GST-f usion protein was used as immunogen to produce a rabbit polyclonal antiserum (Covance, Denver, PA). The antiserum (EM48) was affinity-purified by incubation with a nitrocellulose strip containing transferred GST-huntingtin. Antibodies bound to the strip were then eluted with 0.2 mM Tris-glycine, pH 2.8, and neutralized by 1 M Tris-HC l, pH 8. Characterization of EM48 involved the use of brain tissues and huntingtin-transfected cells ; and also see below]. Protein samples were solubilized in SDS sample buffer and resolved by 8 or 10% SDS-PAGE. Blots were incubated with EM48 (1:500), and immunoreactive bands were visualized by chemiluminescence (Amersham, Arlington Heights, IL). EM48 immunoreactivity could be eliminated by overnight preabsorption of the antibody with 20 g /ml GST-huntingtin but not GST alone. A rat monoclonal antibody (mH D549) to the internal region of huntingtin (amino acids 549 -679) (Gutekunst et al., 1995) and rabbit polyclonal antibody to ubiquitin (Dako, C arpinteria, CA) were also used in the study.
Huntingtin constructs and transfection. A partial huntingtin cDNA containing 150 CAG repeats was isolated from a phage DNA that contains exon 1 of the human H D gene [provided by Dr. Gillian Bates (University of College of L ondon); see Mangiarini et al. (1996) ]. Because of the instability of the CAG repeat in bacteria, we obtained a series of cDNAs encoding N-terminal huntingtin fragments with 23-150 glutamine . The sizes of the CAG repeats in these constructs were confirmed by sequencing or Southern blotting, as described previously . The f ull-length human huntingtin cDNA with 120 CAG repeats obtained in the previous study was digested with KpnI, Ecor V, and BglI to generate cDNAs encoding N-terminal fragments of huntingtin (amino acids 1-586, 1-528, and 1-311). Because of the varied sizes of the polyglutamine in these truncated proteins, the indicated amino acids do not include the glutamine repeat. These N-terminal huntingtin fragments were expressed using the pCIS vector, which provides a stop codon. Subconfluent 293 cells were transfected with the same amount of huntingtin cDNAs (1 g / well of a two-well chamber slide or 7 g /10 cm dish) using lipofectAMINE (Life Technologies, BRL, Gaithersburg, MD). The cells were used for immunofluorescence 24 hr after transfection.
Immunofluorescent labeling of cultured cells. Transfected cells in chamber slides (Nalge Nunc, Naperville, IL) were fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.4% Triton X-100 in PBS for 30 min, blocked with 5% normal goat serum (NGS) in PBS for 1 hr, and incubated with primary antibodies in 2% NGS in PBS overnight. After several washes, the cells were incubated with secondary antibodies conjugated with either FI TC or rhodamine (Jackson ImmunoResearch Lab, West Grove, PA). Huntingtin aggregates were readily recognized as large spherical structures (0.5-2 m) labeled by EM48. On average, 200 -300 cells transfected with huntingtin were randomly selected per experimental sample to count the spherical aggregates in the cells. A fluorescence microscope (Z eiss) and video system (Optronics DEI-470) were used to capture images. The captured images were stored and processed using Adobe Photoshop software.
Human brain tissues. Brain tissue from 12 H D patients, four controls without any evidence of neurological disease, and seven neuropathological controls, including Alzheimer's disease, Parkinson's disease, multiple sclerosis, schizophrenia, and stroke were studied (see Table 1 ). The H D brains included neuropathological grades 1-4 (Vonsattel et al., 1985) . T wo of the H D cases had juvenile onset disease and advanced neuropathological severity. Some of the H D patients were followed, during life, at the Emory Huntington's C linic, and their clinical status at the time of death was well characterized. The other cases were contributed from the tissue archives at the Bedford VA Medical C enter. For some of the early grade cases, which are extraordinarily rare, only a few sections were available. Thus, we were only able to examine a few brain regions in some of the cases. In every case, however, regions of cerebral cortex and striatum were examined. In as many cases as possible, tissue from the globus pallidus, additional regions of cerebral cortex, hippocampus, substantia nigra, and cerebellum were examined. CAG repeat length analysis could not be performed for the majority of the H D cases for which only fixed tissue was available. The number of CAG repeats in the H D allele was identified as 48 in case H D1 and 89 in H D11. Each H D brain originated from patients who had been clinically diagnosed on the basis of known family history and typical symptoms of H D. The presence of H D was confirmed by neuropathology, and the extent of neurodegeneration in the striatum was assessed using the grading system of Vonsattel (Vonsattel et al., 1985) . The average age at death was 44 for the H D patients and 55 for the normal controls. All of the postmortem intervals before fixation were 26 hr or less and averaged 11 hr. Immunocytochemical studies were performed in representative coronal planes sampling the entire brain and including rostral, central, and caudal portions of the striatum. In two grade 1 cases, sections were available only from a plane rostral to the crossing of the anterior commissure.
Case description: huntingtin ag gregates in a presymptomatic patient. Brain tissue from presymptomatic individuals at risk for H D is extraordinarily rare because such young and healthy individuals only die accidentally. One such individual that we (S.M.H. and R.J.) have followed very closely in the Emory Huntington's Disease C linic died in a car accident. This individual was a 32-year-old woman who had been followed since undergoing predictive genetic testing in 1994. The CAG repeat lengths of her two I T15 alleles were 20 and 48, the latter being diagnostic of the H D mutation. Detailed neuropsychological testing was performed using the Wechsler Adult Intelligence Test-revised, Wechsler Memory Scale-revised, Wide-Range Achievement test-revised, controlled oral word association, and the C alifornia Verbal Learning Test, at a time of significant depression. Results indicated average intelligence and performance with impairments in mathematics and in the more challenging memory tasks. Her only past neuropsychiatric symptom was intermittent depression for which she at times received medications. She also was routinely tardy for work and appointments, had difficulties in her interpersonal relations, changed jobs several times, and was involved in multiple past motor vehicle accidents. In the months leading up to her death, she was not clinically depressed, was not taking antidepressant medications, and was performing well at a stable job. Her neurological examination, using the Huntington's disease rating scale (Group, 1996) , was completely normal, with no evidence of motor dysf unction. Her scores on the f unctional capacity scales of the United Huntington's Disease Rating Scale did not indicate any decrements in her day-to-day f unctioning. Despite past hints of dysf unction, these examinations indicate that she was mentally and neurologically normal at the time of her death. As a result of the motor vehicle accident, she suffered multiple fractures, organ injuries, and a severe closed head injury. She was maintained in intensive care on a respirator for ϳ2 d, during which she continued to deteriorate. After meeting clinical criteria for brain death, supportive care was discontinued. At autopsy, her brain was swollen, and contused areas of the cerebral cortex were edematous and bloody. Brainstem herniation was present and was considered to be the cause of brain death. Areas of contusion included the anterior portions of the temporal lobes, the frontal poles, and the posterior cerebellum, especially on the left. Many areas of the brain were well preserved and had no evident edema or hemorrhage and were examined by immunocytochemistry. These preserved regions included the most posterior areas of frontal cortex, the parietal lobes, the posterior portions of the temporal lobes, the hippocampus, most of the inferior cerebellar cortex, and deep forebrain structures including the basal ganglia, substantia nigra, and thalamus.
Immunoc ytochemistr y in human brain. At autopsy, entire hemispheres were placed in cold (4°C) 2% paraformaldehyde-lysine-periodate solution for 8 -15 hr, then removed, sliced, and returned to fresh fixative for a total of 24 -36 hr of fixation. Tissue slices were then rinsed in 0.1 M sodium phosphate buffer (PB), pH 7.3, and placed in cold 20% glycerol /2% DMSO solution or 30% sucrose/30% ethylene glycol. Tissue blocks were then dissected from the basal ganglia, cerebral cortex, hippocampus, and cerebellum, and serial sections were cut at 50 m using a freezing microtome or vibratome (Technical Products International) . The cut sections were stored in cryoprotectant at Ϫ20°C for subsequent immunocytochemistry performed as described elsewhere (Gutekunst et al., 1995) . Briefly, free-floating sections were incubated with primary antibodies in TBS containing NGS, 0.1% Triton X-100, and biotin (50 g /ml). After rinses in TBS, the sections were incubated in biotinylated goat anti-rabbit antibody (Vector ABC Elite, Burlingame, CA) in TBS containing NGS. After several rinses in TBS, the sections were incubated in avidin -biotin complex (Vector ABC Elite). Immunoreactivity was visualized by incubation in 0.05% 3-3Ј-diaminobenzidine tetrahydrochloride (DAB) (Sigma, St. L ouis, MO) and 0.01% hydrogen peroxide in 0.05 M Tris, pH 7. Controls included the omission of primary antibody and the preabsorption of the antibody with 20 g /ml of the homologous f usion protein overnight. When used, counterstaining was with cresyl violet or thionine. We performed double immunoperoxidase labeling with rabbit polyclonal EM48 and rat monoclonal mH D549. Immunolabeling of adjacent sections by mH D549 or EM48 alone was included for comparison with the double labeling.
Electron microscopic immunoc ytochemistr y in human brain. Immunoperoxidase staining was performed using vibratome sections as described above except that Triton X-100 was omitted from the blocking steps and from primary antibody solutions. After DAB visualization, sections were f urther fixed in 1% glutaraldehyde in 0.1 M PB, osmicated (1% OsO 4 in 0.1 M cacodylate buffer), and stained overnight in 2% aqueous uranyl acetate. For more precise resolution, we used a pre-embedding immunogold method. In this method, sections were incubated overnight in Fab fragments of goat anti-rabbit secondary antibodies (1:50) conjugated to 1.4 nM gold particles (Nanoprobes, Stony Brook, N Y) in PBS with 2% NGS. After rinsing in PBS and 0.1 M PB, sections were fixed in 2% glutaraldehyde in 0.1 M PB for 1 hr. After several washes in PB, sections were silver-intensified using the IntenSEM kit (Amersham International, Buckinghamshire, UK), post-fixed for 10 min in 0.5% OsO 4 in PB, and processed for electron microscopy as described below.
All sections used for electron microscopy were dehydrated in ascending concentrations of ethanol and propylene oxide and embedded in Eponate12 (Ted Pella, Redding, CA). Ultrathin sections (90 nm) were cut using a Leica Ultracut S ultramicrotome. Thin sections were counterstained with 5% aqueous uranyl acetate for 5 min followed by lead citrate for 5 min and examined using a Hitachi H-7500 electron microscope. To determine the subcellular localization of the aggregates, several blocks were serially sectioned, and two to three sections were mounted on formvar-coated single-slot grids.
Quantification of ag gregates in the brain. E xamination of the H D brain tissue by light microscopy revealed differences in the density of EM48 immunoreactive aggregates between various grades of H D. To better analyze these differences we compared the densities and sizes of aggregates in grade 1, grade 2, and grade 4 cases. Counts and measurements were performed using single coronal sections from each case containing the striatum and insular cortex at a level just rostral to the crossing of the anterior commissure. In insular cortex, counts were performed in layers III and V/ V I. Densities of aggregates were obtained as follows in three grade 1, two grade 4, and two juvenile cases. Immunoreacted sections (50 m) were visualized on a Nikon Labophot-2 microscope using a 40ϫ lens equipped with a 1 mm 2 ocular grid. For each case, a random starting point in each layer was selected. From the starting point, counts were made using 10 240 m 2 frames obtained systematically according to a preset zigzag pattern within layer III or layers V/ V I. This was repeated three times in each section and in each layer for a total of 30 frames in each. Within each frame, aggregates were counted and categorized as intranuclear or neuropil on the basis of their subcellular localization. In the striatum, a similar counting scheme was used; however, frames composed of Ͼ50% white matter or ventricle were excluded. A total of 30 frames each were counted from two grade 1, two grade 2, and two grade 4 cases.
The sizes of aggregates in layers V/ V I of insular cortex were compared between two grade 1 and two grade 4 adult onset cases. EM48-immunoreacted sections were visualized using a Leitz microscope at 40ϫ. The individual performing the counts was blinded to the identity and grade of the cases. For each case, five 40ϫ images were selected using a similar systematic sampling scheme as described above and captured using an MCI D image analysis system (Imaging Research, St. C atherines, Ontario, C anada). Images were then transferred to N IH Image (Rasband), and the areas of the first 10 aggregates touching a horizontal reference line were obtained.
We also compared densities of EM48 versus ubiquitin-positive aggregates in one grade 1 case and one grade 4 case. Counts were performed as described above in adjacent sections from layers V/ V I of insular cortex. To determine whether aggregate size correlated with ubiquitination, we compared the size of EM48 aggregates and ubiquitinated aggregates in layers V/ V I of a grade 1 case. Sizes were measured as described above using video microscopy and N IH Image.
RESULTS
Production of a fusion protein antibody (EM48) to the N-terminal region of huntingtin
We used PCR to generate a truncated huntingtin cDNA that encodes the first 256 amino acids of human huntingtin with a deletion of the polyglutamine and polyproline stretches (Fig. 1 A) . This truncated cDNA was expressed as a GST-fusion protein that served as the immunogen to generate rabbit polyclonal antibody EM48. On Western blots EM48 reacted with native huntingtin in human brain. However, it reacted very weakly with huntingtin in rat brain (Fig. 1 B) , suggesting that it is specific to primate huntingtin.
We have shown previously that EM48 reacts with N-terminal huntingtin fragments (amino acids 1-212) with a normal or expanded glutamine repeat and that expanded polyglutamine caused N-terminal fragments of huntingtin (Ͻ212 amino acids) to form aggregates in transfected 293 cells . To further examine the specificity of EM48 and the relationship between the size of huntingtin and the formation of huntingtin aggregates, we performed an in vitro assay by transfecting HEK 293 cells with various N-terminal huntingtin fragments (amino acids 1-67, 1-212, 1-311, 1-528, and 1-586) and full length huntingtin, which contain Ͼ120 glutamine repeats (150Q or 120Q). The expressed proteins display various sizes on blots that parallel the length of the truncated proteins (data not shown). Immunofluorescent staining of transfected cells revealed that EM48 labeled spherical aggregates that were formed by an N-terminal huntingtin fragment containing the first 311 amino acids and an expanded glutamine repeat (Fig. 1C) . The percentage of transfected cells that have aggregates appears to be dependent on the size of huntingtin protein expressed. We transfected equal amounts of each DNA construct, and the DNA sizes of the constructs did not differ enough to affect transfection efficiency. We found that 35, 45, and 17% of transfected cells with 150Q(1-67), 120Q(1-212), and 120Q(1-311) contained the aggregates, respectively. Because the N-terminal region was extended to 528 amino acids [120Q(1-528)], only 2% of transfected cells contained these spherical aggregates. The next longer fragment 120Q(1-586) and full length mutant huntingtin [120Q(1-3121)] with 120 glutamine repeats did not show any spherical aggregates; all of the expressed huntingtin was diffusely distributed throughout the cytoplasm. These results substantiate the view that huntingtin aggregates are composed of N-terminal fragments of huntingtin that contain fewer than the first 528 amino acids and an expanded glutamine repeat.
EM48 selectively labels huntingtin aggregates in HD brain
We used EM48 to examine postmortem brains from patients with HD and other neurological disorders (Table 1 ). In sections from HD cases, EM48 predominantly and intensely labeled puncta of varying size and location (Fig. 2 A) . Diffuse cytoplasmic staining was very faint, suggesting that EM48 selectively recognized an aggregated form of huntingtin. Most EM48 immunoreactive puncta were larger than organelles and will be referred to as aggregates. Normal and disease control brains exhibited faint cytoplasmic staining. Interestingly, some plaques in the hippocampus and cortex of brain sections from the Alzheimer's disease cases (data not shown) were immunoreactive, although not nearly as intensely as the aggregates in H D brain. All EM48 immunoreactivity was abolished when the primary antibody was omitted or preadsorbed with excess antigen.
To investigate whether the EM48 aggregates contained fulllength or N-terminal fragments of huntingtin, we performed double labeling with EM48 and mH D549, a rat monoclonal antibody that reacts with an internal region of human huntingtin (amino acids 549 -679) (Gutekunst et al., 1995) . A series of adjacent brain sections of the insular cortex, caudate, and putamen from a grade 1 H D case were examined. Sections stained with mH D549 alone (Fig. 2 B) exhibited intense but diffuse staining in neuronal perikarya and proximal dendrites as described previously (Gutekunst et al., 1995) . Fine punctate labeling was sometimes observed; however, mH D549 immunoreactive puncta were comparable in size to mitochondria and smaller than those labeled with EM48. Thus, the aggregates recognized by EM48 were not labeled with mHD549. Sections stained with both EM48 and mHD549 showed complementary labeling of cytoplasm and aggregates (Fig. 2C) . This indicates that EM48 selectively recognizes aggregated huntingtin. Because EM48 was raised against the first 256 amino acids of huntingtin and mHD549 recognizes amino acids 549 -679 of huntingtin, these data are consistent with the in vitro data above and with earlier studies indicating that the aggregates are formed by N-terminal fragments of mutant huntingtin (Ͻ549 amino acids).
Distribution and types of aggregates
EM48 labeled many more aggregates than did other previously reported antibodies Becher et al., 1998) , providing a more complete and quite different picture of their morphology and distribution. These aggregates were heterogeneously distributed in different regions of the HD brain. They were primarily observed in gray matter and were infrequent in white matter. Aggregates were especially frequent in layers V and VI of cerebral cortex. However, differences between cortical areas within individual H D brains were observed. For example, in case H D1, insular and cingulate cortex had significantly higher densities of aggregates than prefrontal, temporal association and premotor cortex. In other regions, EM48-immunoreactive aggregates were at lower densities than in the cortex. These other regions include the caudate, putamen, substantia nigra, hypothalamic nuclei, thalamus, and brainstem nuclei such as nucleus cuneatus. In the striatum, aggregates were widely scattered, without any groupings suggestive of patch or matrix compartmentation. In the substantia nigra, most aggregates were in the pars compacta neuropil and very few were in pars reticulata. Aggregates were rarely seen in the globus pallidus, a major target of striatal axons. Aggregates were also rare in the hippocampus and cerebellum in which a few were visible in the molecular and granule cell layers, respectively. The distribution of cortical and striatal aggregates was studied much more intensely because these regions are particularly vulnerable in H D (see below).
In gray matter, EM48-immunoreactive aggregates were visible in three compartments: nuclear, perikaryal, and neuropil (Fig. 3) . Aggregates located in the neuropil (defined by not being present in nuclei or perikarya) were by far the most common. Their frequency and complexity have not been previously appreciated, primarily because earlier studies using other N-terminal huntingtin antibodies identified only a small fraction of aggregates.
We have also confirmed our findings using an antibody against the first 17 amino acids of human huntingtin (provided by Dr. Peter Detloff, University of Alabama at Birmingham). The major axis of most neuropil aggregates ranged from 1.35 to 21.38 m. Although most neuropil aggregates were round to oval (Fig.   3A-C) , more tubular forms that could be hundreds of micrometers long and appeared to fill neuronal processes were also common (Fig. 3A ). An anti-transglutaminase antibody that is selective for vascular endothelium did not label these tubular aggregates, indicating that they are not vascular structures. In the cerebral cortex, these tubular aggregates often had the size and orientation of apical dendrites. These tubular forms were not as intensely stained as the more punctate forms, suggesting that the protein they contain may not be as condensed. Curved multiform aggregates reminiscent of short dendritic segments and branch points were also seen (Fig. 3C) , some of which appeared to give rise to aggregate-containing dendritic spines. Linear arrays of more intensely stained neuropil aggregates were also observed (Fig. 3B) . In cortex, they were oriented like apical dendrites, whereas in striatum they tended to be curvilinear. These arrays suggest that the tubular and multiform aggregates might condense into a series of separate punctate aggregates. Because larger punctate aggregates are seen in later grade cases (see below), they may continue to grow in size. These different types of neuropil aggregates constituted the overwhelming majority of the aggregates in most of the brain regions of early grade HD cases, including cortical and subcortical regions. The dystrophic neurites that have been described previously, which averaged 5 m in diameter , are most likely a subset of the punctate neuropil aggregates we have observed. Because most neuropil aggregates are small and do not obviously alter the morphology of the processes that contain them, "dystrophic neurites" is not the best term for them. We have thus adopted the term "neuropil aggregates" so as not to suggest that the processes containing them are necessarily abnormal.
As described previously with other antibodies (DiFiglia et al., 1997; Becher et al., 1998) , nuclear aggregates were round to fusiform in shape, usually one but occasionally two in number per nucleus, and had long axes ranging from ϳ3 to 5 m (Fig. 3D) . Neurons containing nuclear aggregates also commonly contained smaller immunolabeled puncta in their perikarya (Fig. 3D) . Labeled perikaryal puncta were round to oval and generally smaller than nuclear or neuropil aggregates, having diameters ranging from 0.3 to 1.5 m. We were unable to determine whether these were small aggregates or labeled organelles by electron microscopy.
Ultrastructure of neuropil aggregates
Light microscopy suggested that at least some of the neuropil aggregates were contained within dendrites. To confirm this impression and to examine their subcellular structure, we performed immunoelectron microscopy on insular cortical layers V/VI of a grade 1 HD case. This region was chosen because it is especially enriched in smaller neuropil aggregates (Ͻ3 m). Because these aggregates could only be identified by EM48 labeling, we used DAB and immunogold immunocytochemistry and examined serial ultrathin sections to help reconstruct the cellular elements containing the aggregates. Both DAB and immunogold yielded similar results, so we will describe only the immunogold results because labeling is more precise spatially (Fig. 4) . It is important to note that many of the processes containing aggregates were not identifiable, either because of the poor ultrastructural preservation of the postmortem tissue or a lack of distinctive morphology. Elements containing the largest aggregates were particularly difficult to identify, presumably because of mechanical distortion. However, all identifiable profiles (n ϭ 30) containing aggregates were either dendrites or dendritic spines, identified on the basis of their size, shape, and postsynaptic association with axon terminals (Fig. 4) . Often, the aggregates completely filled the cross-section of the process being examined. Very few immunogold particles were found outside the aggregates, confirming our impression that EM48 reacted more strongly with the aggregated than with soluble huntingtin and suggesting that there may be low levels of N-terminal fragments that are not within aggregates. Aggregates were not membrane bound. Likewise, no extracellular aggregates were identified that might have been released from dead and phagocytosed neurons. In addition, the neuropil aggregates did not contain any apparent membranebound structures such as vesicles or vacuoles. Neither were neuropil aggregates obviously surrounded by particular organelles such as mitochondria or vesicular organelles. No gold particles were seen in control sections for which the primary antibody was omitted. EM examination also showed that the neuropil aggregates were made up of granular and filamentous material that resembled the filaments seen in intranuclear aggregates in humans and in several transgenic models DiFiglia et al., 1997; Ordway et al., 1997; Paulson et al., 1997) . The width of the filaments was ϳ10 nm, which is similar to those observed in huntingtin aggregates in exon-1 HD transgenic mice and in vitro . The filaments were often ordered and aligned along the axis of the dendrites (Fig. 4C ). These results demonstrate that neuropil aggregates are intracellular, that many exist within dendrites, and that their structure is similar to those of nuclear aggregates or huntingtin proteins aggregated in vitro.
Case description: huntingtin aggregates in a presymptomatic patient
A remarkably high density of neuropil aggregates but almost no nuclear aggregates were found in the areas of cerebral cortex that were examined (Fig. 5A ). Aggregates were especially frequent in insular, cingulate, and dorsolateral prefrontal cortex but were less common in calcarine and superior parietal cortex and in hippocampus. The striatum showed degenerative changes dorsally, consistent with a grade 1 classification (the grading system applies to symptomatic cases, however). All types of striatal aggregates, however, were very rare, even in the dorsal striatum where degeneration had already started (Fig. 5B ). This unique case indicates that neuropil but not nuclear aggregates may be very common in the brain before the development of neurological A is an example of a large caliber dendrite ( d) containing an immunolabeled aggregate. Mitochondria (arrows) are seen in the cytoplasm adjacent to the aggregate. B shows a labeled aggregate in a dendritic spine receiving synaptic contact (arrow) from an axon terminal ( a). In C and D, labeled aggregates are shown in longitudinal sections through two dendrites. In C, the filaments constituting the aggregates align with the orientation of the dendrite. Near the aggregates, the dendrites are receiving synaptic contact (arrow) from an axon terminal ( a). Synaptic vesicles can be seen in the axon terminals (B, C). Scale bars, 500 nm.
symptoms. At the same time, nuclear aggregates were exceedingly rare, despite the overall burden of aggregation, at least in cerebral cortex. Most importantly, despite significant neuronal loss in a striatum still containing many normal areas, striatal aggregates seem too rare to correlate with the active degenerative process occurring there.
The relationship of aggregate and neuropathology
In the presymptomatic case described above, the cerebral cortex was found to contain an enormous number of aggregates at a stage during which cortical degeneration has not been described. At the same time, aggregates were quite rare in the striatum, despite the presence of significant neuronal loss dorsally. We studied this more closely by examining the density of aggregates in both regions more quantitatively (Fig. 6 ). In the striatum, aggregates were surprisingly uncommon in every H D brain. In grade 1, the deep layers of cortex had nearly 10-fold more aggregates (all types) per microscopic field than the striatum (24 aggregates per 240 m 2 field, compared with 2.6 aggregates per 240 m 2 field). The average 240 m 2 fields from which these counts were made in both the striatum and the deep layers of cortex contained 42 neurons. Thus, unbalanced neuronal loss was not a factor in this comparison. These results demonstrate that aggregates are much more common in cerebral cortex than in striatum at a time when cortical cell loss has not been identified, yet striatal cell loss is significant but not extensive enough to explain the low number of aggregates.
If nuclear aggregates do cause neuronal death, they are likely to be present at a high density in more preserved areas of the striatum containing the largest numbers of dysfunctional and dying neurons. However, when areas of the striatum containing the highest aggregate densities were selected, the highest percentage of striatal cells containing nuclear aggregates was 10%. With systematic random sampling of 240 m 2 fields throughout the dorsal striatum, only 1-4% of neurons had nuclear aggregates. Within this range, higher-grade cases had the lowest numbers of aggregates, presumably because of the extensive loss of neurons. Thus it appears that aggregates are not distributed similarly to the known patterns of cell loss in H D.
We also examined the locations and relative numbers of neuropil and nuclear aggregates in cortex and striatum according to neuropathological grade. In insular cortex of grade 1 cases, the majority of aggregates were found in layers V and V I (Fig. 6 ).
Aggregates were also present in layer III but at a much lower density (4.05 aggregates in layer III vs 24.04 aggregates in layers V/VI per 240 m 2 ). In all layers of cerebral cortex, virtually all (98.2%) EM48-immunoreactive aggregates were located in the neuropil. In grade 4 H D cases, there was a reduction in aggregate density in the deep layers of cortex, probably related to known neuronal loss, but an increased density was found in layer III. Although the majority of these aggregates were still located in the neuropil, 22% of them were found in neuronal nuclei. In two advanced juvenile H D cases, up to 32% of aggregates in insular cortex were nuclear. Similar results were found in cingulate cortex (data not shown). The opposite trend occurred in the striatum. Although all types of aggregates were infrequent, almost equal proportions of neuropil aggregates (51%) and nuclear aggregates (49%) were present in grade 1 striatum. In grade 2 and 4 cases, a higher proportion of aggregates were in the neuropil (up to 84%) than in nuclei (Fig. 7) , which might be the result of severe neuronal loss in advanced HD.
If aggregates do not correlate with neuropathology, they could represent storage of huntingtin fragments occurring in neurons resistant to degeneration. If so, they might be expected to increase in size as the disease progresses. To help examine why we have identified so many more neuropil aggregates than previous studies and to determine whether there is any correlation between aggregate size and grade, we categorized the size and localization of the neuropil aggregates in HD of various grades. Because previous studies have shown that neuropil aggregates (dystrophic neurites) range from 3 to Ͼ10 m (DiFiglia et al., 1997), we counted aggregates of various sizes (0.15-15 m) in the lower layers of the insular cortex (Fig. 8) . In grades 1 and 4 of adult onset HD brains, we found that 82 and 34% of neuropil aggregates were smaller than 3 m, respectively, indicating that EM48 recognizes many small aggregates not previously identified. In contrast, large neuropil aggregates (Ͼ3 mm) were more frequent in grade 4 (46%) than in grade 1 (18%), suggesting that the size of the aggregates increased with the duration of the disease.
Most EM48-immunoreactive aggregates were not ubiquitinated
Abnormal aggregates in HD, as well as in other glutamine repeat disorders and their animal models, are commonly ubiquitin immunoreactive. This has been interpreted to indicate that resistance to proteolysis likely contributes to aggregation. EM48, however, appears to label many more aggregates than in previous studies in which similar numbers of aggregates were labeled with huntingtin and ubiquitin antibodies. We thus compared ubiquitin and EM48 labeling of aggregates in layers V and VI of grades 1 and 4 HD insular cortex (Fig. 9) . Some nuclear and neuropil aggregates but not the smaller perikaryal aggregates were ubiquitin immunoreactive (Fig. 9) . The density of ubiquitinimmunoreactive aggregates was 31% of the density of EM48-immunoreactive aggregates in grade 1 (Fig. 9A,C) . In grade 4 (Fig. 9B,D) , however, the density of ubiquitin-immunoreactive aggregates was 75% of the density of EM48-immunoreactive aggregates. Therefore, an increasing proportion of aggregates is ubiquitinated with a longer duration of disease. To examine whether ubiquitin-immunoreactive aggregates might make up a particular subset of aggregates, we compared their location and size to those labeled with EM48. Consistent with the low frequency of nuclear aggregates in early grades, all of the ubiquitinated aggregates in grade 1 were in the neuropil. In grade 4, each antibody labeled equal proportions of nuclear versus neuropil aggregates. In grade 1, EM48 and ubiquitin-immunoreactive aggregates had similar size and distribution, although a subset of EM48-positive aggregates were ubiquitinated.
DISCUSSION
The data we report in this study concern the types, location, numbers, forms, and composition of microscopic huntingtin aggregates in brain tissues from humans with different grades of HD and how well these aggregates correspond to the known patterns of neuronal loss that occur in the disease. 
EM48 selectively labels huntingtin aggregates
We have made an antibody against the N-terminal 256 amino acids of huntingtin. EM48 appears to be much more sensitive for recognizing the huntingtin aggregates recently reported in HD brain Becher et al., 1998) . In immunocytochemistry, EM48 also appears to be less sensitive to f ull-length huntingtin than it is to aggregates containing portions of its N terminus. The intense cytoplasmic staining that antibodies against internal epitopes give is only faintly apparent with EM48. This may suggest that modifications and interactions that the N terminus of huntingtin undergoes as a result of its fragmentation and aggregation makes it more recognizable to EM48.
Antibodies against internal regions of human huntingtin (amino acids 549 -679) do not reveal huntingtin aggregates (DiFiglia et al., 1995; Gutekunst et al., 1995; Sharp et al., 1995; Trottier et al., 1995; DiFiglia et al., 1997; Becher et al., 1998) . Similarly, when we expressed various N-terminal fragments of mutant huntingtin in transfected cells, we observed that aggregates were formed by fragments smaller than the first 538 residues and containing a polyglutamine expansion. This is consistent with other studies (Cooper et al., 1998; Hackam et al., 1998; Martindale et al., 1998) and confirms the selectivity of EM48 for aggregated N-terminal fragments of huntingtin. These findings support the hypothesis that proteolytically cleaved N-terminal fragments containing expanded polyglutamine lead to the formation of aggregates perhaps by acting as a polar zipper (Perutz et al., 1994) or through cross-linking by transglutaminases (Kahlem et al., 1996) .
Nuclear aggregates and the pathogenesis of HD
Nuclear aggregates have been reported in neurons of HD patients Becher et al., 1998; Gourfinkel-An et al., 1998) and in patients with other glutamine repeat disorders including dentatorubral and pallidoluysian atrophy (Becher et al., 1998) , spinocerebellar ataxia type 1 (SCA1) (Skinner et al., 1997) , SCA3 (Paulson et al., 1997) , and SCA7 (Holmberg et al., 1998) . Nuclear aggregates have also been reported in transgenic mice expressing exon 1 of the H D gene as well as in transgenic models of SCA1 and SCA3 (Paulson et al., 1997; Skinner et al., 1997) . It has also been shown that the aggregation of truncated huntingtin in vitro is dependent on the presence of the polyglutamine expansion (Cooper et al., 1998; Martindale et al., 1998) . All of these data led to the hypothesis that nuclear aggregates of mutant proteins are the common cause of neurodegeneration in these disorders and that the molecular context of the neurons in which they are expressed accounts for the differences between these diseases (Ross, 1997; Davies et al., 1998) . In HD, however, it has not yet been shown that huntingtin aggregation or even the presence of nuclear huntingtin is injurious to neurons and not a secondary phenomenon. Our data suggest that nuclear aggregates in the striatum are not present in the known temporal and spatial patterns of neuronal loss in HD. More importantly, they seem to be too rarely found in the neurons most vulnerable in HD. Thus, our data suggest that nuclear aggregates, as visualized microscopically, may not play a causative role in H D. Alternatively, nuclear aggregates could form quickly and kill striatal neurons quickly, leaving few behind to be visualized. It also remains open whether nuclear huntingtin or even whether submicroscopic aggregates of huntingtin in the nucleus might be toxic. An additional possibility we have proposed previously (Ordway et al., 1997) is that huntingtin aggregation in the nucleus could represent benign sequestration of a protein fragment resistant to proteolysis. Intriguing support for this comes from our finding that many of the nuclear aggregates in the striatum are present in neurons that resist neurodegeneration in H D (Kuemmerle et al., 1998) . Our finding that EM48 does not label significant numbers of nuclear aggregates in the striatum is unlikely to be explained by the existence of many unrecognized aggregates or their loss in a degenerating striatum. First, EM48 recognizes many more aggregates than have been reported previously. Second, we have replicated our principal findings with EM48 using an antibody against the first 17 amino acids of huntingtin. Third, it is difficult to find nuclear aggregates in early grade human striatum by examining neuronal nuclei by electron microscopy. Finally, there are too many regions of well preserved striatum in our early grade cases for cell loss to explain not finding more aggregates.
Other emerging data also suggest that microscopic nuclear aggregates may not be pathogenic. It has been very difficult to show neuronal death in an animal model of H D in which there are nuclear aggregates . Transfected cells with cytoplasmic but not nuclear aggregates experience heightened cell death . A transgenic model using a polyglutamine expansion to cause an unrelated cytoplasmic protein to translocate to the nucleus and aggregate did not show any neuronal death (Ordway et al., 1997) . A recent cell culture study has suggested that nuclear but not aggregated huntingtin is toxic (Saudou et al., 1998) . Finally, transgenic models of SCA1 have recently shown that nuclear but not aggregated ataxin-1 is responsible for the neurodegenerative phenotype (K lement et al., 1998) . The presence of nuclear aggregates may thus be insufficient in cell or animal models to recreate the specific phenotype of HD.
Potential role of neuropil aggregates
One of the striking findings in this study was the previously unappreciated number and complexity of neuropil aggregates in HD. Aggregates in the neuropil were identified previously and termed dystrophic neurites . We prefer the term neuropil aggregates, however, because they are present in processes that cannot be considered dystrophic. We were able to positively identif y many neuropil aggregates in dendrites but not in axons, and we saw comparably few in white matter. Their presence in axon terminals, however, could not be excluded. Interestingly, degenerative and proliferative dendritic alterations have been described in the cortex and striatum in H D (Graveland et al., 1985; Ferrante et al., 1991; Sotrel et al., 1993) , including changes in sizes and numbers of dendrites and dendritic spines. It is conceivable that the intradendritic formation of aggregates might underlie these changes and lead to f unctional alterations in the affected neurons. Many of the dendritic aggregates we observed seem large enough to disturb dendritic transport mechanically. Disturbance of intracellular transport at a molecular level is also possible because huntingtin has been shown to interact with proteins likely to play a role in cytoskeleton-based transport Kalchman et al., 1997; Wanker et al., 1997; ). We have not been able to localize HAP1 in neuropil aggregates , so perhaps the mechanisms that normally transport huntingtin are unable to clear the fragments that aggregate. Although striatal aggregates are uncommon, a connection between the large numbers of cerebral cortical neuropil aggregates and striatal pathology could exist by virtue of the potential importance of glutamatergic corticostriatal projections.
We observed large numbers of cerebral cortical neuropil aggregates in a presymptomatic individual in whom both nuclear and striatal aggregates were very rare. This finding suggests that neuropil aggregates might be present long before detectable symptoms or neuropathology. This is supported by cortical cell loss not being detected in grades 0 and 1 cases (Cudkowicz and Kowall, 1990; Hedreen et al., 1991; Sotrel et al., 1993; Rajkowska et al., 1998) and by volumetric magnetic resonance imaging that has not revealed significant cortical neuropathology until there are significant clinical symptoms (Aylward et al., 1998) . Because cerebral cortex is affected less and later in HD, it might suggest that neuropil aggregates are relatively benign. However, a slow degenerative process from gradually accumulating toxicity would be consistent with the course of HD.
Aggregate ubiquitination
It has been suggested from an ataxin-1 model that misfolding of polyglutamine expansion containing proteins could prevent proteosomal proteolysis and lead to aggregate formation (Cummings et al., 1998) . Evidence that this might be a general mechanism in polyglutamine disorders is that ubiquitination has been found to be a common feature of aggregates. We found a minority of huntingtin aggregates to be ubiquitinated in early grades, suggesting that in HD ubiquitination might occur after aggregates have been present for some time. Alternatively, only a subset of aggregates might become ubiquitinated, or ubiquitination may be transient. Another explanation might be the relative insensitivity of the ubiquitin antibodies; however, our small numbers are consistent with the findings of other investigators. Because aggregates increase in size with a longer duration of disease and a higher proportion become ubiquitinated, many aggregates and the neurons containing the aggregates may be relatively long-lived.
